The prominence of the vacuole in the yeast cell is in striking contrast to the limited amount of study devoted to this structure, and the understanding of its function has remained rather scanty. Much has been inferred from observations on vacuoles in higher plants, and functions such as a receptacle of waste, storage of reserve material, and osmotic regulator have been suggested (Bautz, 1960) . The term "vacuole" itself suggests the futility of attempts to describe it. The principal obstacles to progress are the difficulties in securing isolated vacuoles by mechanical disruption of the yeast cells, the lack of specific stains that reveal the chemical nature of vacuolar solutes without disorganizing the cell, and the uncertainties concerning the origin and identity of solid material or droplets occasionally noticeable in the vacuole.
1 Work performed under the auspices of the U.S. Atomic Energy Commission.
Localization of a cellular constituent, S-adenosylmethionine, in the vacuoles of Candida utilis and Saccharomyces cerevisiae has been observed by ultraviolet photomicrography Schlenk, 1959, 1960) . Therefore, it was tempting to search for other ultraviolet-absorbing compounds in the vacuole and to study their fate in cellular metabolism. Through such studies, generalizations about the function of this cellular compartment may eventually become possible.
Compounds absorbing in the visible range would be more convenient for a study of this type, because conventional microscopy could then be used to locate them. Unfortunately, the number of strongly absorbing natural pigments that are also capable of entering the cells is relatively small (Guilliermond, 1941; Guilliermond and Gautheret, 1946) . Certain endogenous pigments, for example the pink pigments of certain yeast mutants (Lindegren, 1949) , are not sufficiently intense in color to permit cytological studies. Therefore, we have confined our work to ultraviolet-absorbing substances, particularly purines, pyrimidines, and their nucleosides. The utilization of such compounds in the absence of other assimilable nitrogen sources was studied by Di Carlo et al. (1951) , but no cytological data were included in this work. More recently, Roush, Questiaux, and Domnas (1959) published an elaborate study of the uptake of purine bases by C. utilis. Roush (1961) observed crystals of various purines in the vacuole by conventional microscopy. This gave further encouragement to our cytological study.
SVIHLA, DAINKO, AND SCHLENK cose, in a concentration of 3.0%, was provided to sustain metabolism for a prolonged period (Roush et al., 1959) . Most of the purine and pyrimidine compounds were present in a concentration of 1.0 or 2.0 ,umoles/ml. The concentration of yeast at the outset of the experiment was 5 mg of moist cells per ml. The cultures were agitated on a rotary shaker at 30 C, and samples were withdrawn at the times specified. After centrifugation, the supernatant fluid was used for ultraviolet spectrophotometry of the compound under investigation. If a decline in optical density indicated assimilation of the substance, ultraviolet photomicrography of the cells was carried out to locate the material if possible. In some experiments, compounds were used in quantities exceeding their solubility; the insoluble sediment in these instances disappeared gradually, as assimilation by the yeast proceeded. The solubility of uric acid in the salt and glucose medium at 30 C was found to be 1.6 ,umoles/ml; this is about ten times higher than the value specified in the literature for water solution at 18 C (Bendich, 1955) .
All substances studied were of commercial origin except for pseudouridine for which we are indebted to Waldo E. Cohn of Oak Ridge National Laboratory. Ultraviolet photomicrography was carried out as in previous studies Schlenk, 1959, 1960; Svihla et al., , 1961 .
RESULTS
The choice of C. utilis, in preference to S. cerevisiae, for the present survey was motivated mainly by its superiority for ultraviolet photomicrography. Its cytoplasm does not contain numerous granules which interfere with observations of the vacuole, and it does not form spores. On the other hand, S. cerevisiae cannot utilize purines as a source of nitrogen (Di Carlo et al., 1951) , and it was possible, therefore, that the cells would accumulate purines in the vacuoles. Since this did not seem to occur, S. cerevisiae received only limited attention in this study.
In selecting compounds for these experiments, the ultraviolet absorbancy was of greatest importance. The purine compounds are superior in this respect to the pyrimidine compounds; the latter, in turn, are more absorbent than the aromatic amino acids. It became apparent early in the experiments that only a few of the purines were useful for our experiments. Because of the w E 1.0 x X-X low solubility of many of the substances, it was impossible to provide high concentrations of them in the medium, and the compounds had to be actively concentrated bythe cells. We have confirmed the observation of Roush et al. (1959) that uric acid is most readily assimilated from the medium. The process is illustrated for various experimental conditions in Fig. 1 . Washed cells of a 40-hr culture of C. utilis (experiment 1) showed a lag period of uric acid utilization; this was less pronounced with cells from a 5-hr culture (experiment 2). Curve 3 illustrates the abolition of the lag when cells incubated for 5 hr in experiment 1 were washed and again exposed to uric acid. An incubation of 19 hr before the second exposure to uric acid did not significantly alter the uptake (experiment 4). Washed cells of a 24-hr culture of S. cerevisiae did not take up uric acid (experiment 5); the concentration in the medium remained unchanged even after 24 hr.
Concomitant ultraviolet photomicrographs were made of C. utilis in the above experiments. The choice of wavelengths at which the pictures were taken was dictated by the absorption spectra of the compounds examined (Fig. 2) . Uric acid has a convenient absorption maximum at 290 m,u. Adenosine derivatives, including Sadenosylmethionine, have an absorption maximum at 260 m,u, similar to that of nucleic acids. Since it was necessary to make photographic exposures lasting 3 to 10 sec, the Brownian motion of the crystals caused some blurring. Crystals be- When saturation of the culture medium of C. utilis with uric acid was maintained by an excess of solid material, the cells grew well after the initial induction period. The vacuoles remained filled with uric acid. However, little, if any, was seen in the vacuoles of buds as long as they remained attached to the mother cells. Perhaps the bud depends on the cytoplasm of the mother cell for its nutrition, or perhaps it possesses more efficient degrading enzymes which prevent the accumulation of uric acid. This is in contrast to our earlier observations that S-adenosylmethionine is transferred from the vacuole of the mother cell to that of the bud .
From the quantity and size of the crystals of uric acid and other purines as well as from chemical analyses (Roush et al., 1959; Roush, 1961) , it can be concluded that the storage capacity of the vacuoles is considerable. Our earlier experiments showed that the concentration of S-adenosylmethionine dissolved in the vacuolar fluid may be greater than 10% . Attempts were made to explore the vacuolar capacity by the following experiments. C. utilis was grown in glucose-ammonia medium containing sulfur amino acids, to accumulate S-adenosylmethionine in the vacuoles. After washing, the cells were suspended in medium containing 1.0 ,umole of uric acid per ml., under conditions identical with those in experiment 1, Fig. 1, 3 , and 4. The photomicrographic record at selected times is given in Fig. 5 and 6 . Assimilation of uric acid was found to be slightly delayed, but the material persisted somewhat longer than in the earlier experiments. The distribution of uric acid crystals in the vacuole, which also contained S-adenosylmethionine, was more uniform than in vacuoles containing uric acid only ( Fig. 3 and 4) . It should be noted that S-adenosylmethionine is visible in the vacuole at 260 m,u ( Fig. 5 and 6 ), but not at 290 m,u (Fig. 2) . Uric acid is visible at both wavelengths ( Fig. 5  and 6 ), because of its opacity in crystalline form.
Quantitative determinations of S-adenosylmethionine and of uric acid were carried out with cells of the type shown in Fig. 4 . The cells were harvested after 2 hr in the uric acid medium, washed, and extracted with an excess of water at 100 C for 15 min; the precipitate was removed by centrifugation, and uric acid was determined in the supernatant fluid by spectrophotometry at 290 m,u. S-adenosylmethionine was extracted from the cells with cold 1.5 N perchloric acid, and assayed by chromatography and spectrophotometry (Schlenk and DePalma, 1957) . This experiment demonstrates that uric acid can be concentrated in the vacuole against a considerable gradient, even when S-adenosylmethionine is already present in the vacuole (Table 1) . Conversely, when uric acid and the sulfur amino acids are present in the culture medium at the same time and constitute the sole nitrogen sources (Table 2) , uric acid accumulates in the vacuole first, but it does not prevent the subsequent entry of S-adenosylmethionine, which is formed gradually (Schlenk, Dainko, and Stanford, 1959 acid supplement, because the synthesis of Sadenosylmethionine has priority over cellular growth (Svihla et al., , 1961 .
Isoguanine is a rarely occurring purine (Bendich, 1955) with unusual properties (Roush et al., 1959) . This base enters the cells of C. utilis, anid the crystals which are deposited in the vacuole persist there for prolonged periods, presumably because the cell cannot form the necessary catabolic enzymes. To study this phenomenon under various conditions, cells were incubated with isoguanine, washed, and transferred into salt medium with glucose (experiment a), into salt medium without glucose (experiment b), or into salt medium containing both glucose and ammonium salt (experiment c). Photomicrography after 5 and 24 hr showed the cells unchanged in experiments a and b. This is illustrated for the 5-hr sample of experiment a in Fig. 7a ; the crystals were still in the vacuole, and no significant diffusion into the suspending medium had occurred as judged by spectrophotometry of the medium after centrifugation. Isoguanine was retained in experiment a, despite the presence of an energy source which might have facilitated a "reverse transfer." Budding occurred in experiment c; the crystals of isoguanine are still seen in the vacuoles of the mother cells, although the buds appear clear (Fig.  7b) . After prolonged culture, the crystals disappear from the cells. Among the cells carrying isoguanine, one sees occasionally a defocmation of the vacuole because of the length of one or more crystals (Fig. 7b, cell at lower left) .
Other purines taken up readily and accumulated in the vacuole by C. utilis include adenine, 2,6-diaminopurine, gutanine, hypoxanthine, and xanthine (Roush et al., 1959) . This can be seen in Fig. 7c for adenine; the crystals in this photograph are mainly hypoxanthine because of the presence of adenase in the cells (Roush, 1954) . There was no difference in the appearance of the cells when all of these purine compounds were added to the medium simultaneously. If they had gained entry independently, vacuoles filled solidly with crystals would have been expected. This was not observed, and some mutual interference of the purine bases must be assumed.
There was no significant assimilation of cytosine, thymine, orotic acid, or pseudouridine in a concentration of 1.0 Amole/ml of medium. Spec- cells were exposed to uric acid (1.0,imole/ml) for 30 min, I hr, and 2 hr (beginning at top); the photographs on the left side were taken at 260 mIA, on the right side, 290 mMA. Experimental procedures were the same as described for experiment 1, Fig. 1 . . s . . . showed no change of optical density for periods of 4 to 6 hr. Uracil was taken up slowly by C. utilis after a lag period of 2 hr, but no ultravioletabsorbing material could be observed in the vacuole. Analogous experiments with purine and pyrimidine ribosides and deoxyribosides were also negative. On prolonged culture, adenosine is an adequate source of nitrogen for the growth of C. utilis. To promote diffusion of substantial amounts into the cells, experiments with saturated medium, containing about 25 ,umoles of adenosine per ml, were carried out. However, no ultraviolet-absorbing material was found in the vacuole even under these conditions. The cytoplasm showed relatively high density at 260 m,4 in the early phases, and lobed or multiple vacuoles were seen in later stages (Fig. 7d) . Further experiments were carried out with thiamine, riboflavine, nicotinic acid, nicotinamide, and the ultravioletabsorbing amino acids L-tryptophan and L- 
DISCUSSION
One of the serious limitations of ultraviolet photomicrography of the purine compounds studied here is their low solubility. The properties of uric acid may serve as an example. For simplicity, it is assumed that its solubility in the vacuolar fluid is similar to that in the culture medium (1.6 ,umoles/ml), and that the diameter of the average vacuole is 3 ,. From the molar extinction of uric acid, Em(2O mp) = 12,400, it can be calculated that the optical density of a saturated solution, measured over a light path of 3 ,u, would be only 0.006. Against the background of cytoplasmic constituents, this is not registered by the photographic film, and it is no surprise that the vacuole appears empty except for the optically dense uric acid crystals. Saturated isoguanine solution is about twice as absorbent, but even a saturated solution of adenine, measured at its absorption maximum at 261 mj.l in a layer of 3 Au, would show an optical density of only 0.026. These calculations, based on physical constants compiled by Levene and Bass (1931) and by Bendich (1955) , emphasize the limitations of the free purines as optical tracers in yeast cytology. In the present study, the sole criterion for accumulation of the free purine compounds in the vacuole had to be the appearance of crystals, and valid statements about the transfer of extranous material can be made only for the extreme cases in which the limit of solubility is exceeded. There may be uptake and release at lower concentrations which are not observable by ultraviolet photomicrography. This limitation of the biological purines is in striking contrast to the usefulness of the highly soluble S-adenosylmethionine . Concentrations of this compound may range between 100 and 300 ,moles/ml of vacuolar fluid, if it is assumed that the vacuole comprises about 10% of the cellular space. With Em(260 mM) = 15,400, the optical densities under these conditions range between 0.47 and 1.4 for a distance of 3 ,u.
The present study confirms earlier observations on the inability of S. cerevisiae to use the ring nitrogen atoms of the purine system (Kerr, Seraidarian, and Brown, 1951; Di Carlo et al., 1951) . In this organism, S-adenosylmethionine is still the only compound that has been found in the vacuole by ultraviolet microscopy. In contrast, C. utilis assimilates most of the biological purine compounds with ease, as shown by the extensive survey of Roush et al. (1959) . Since a prerequisite for success with this technique is accumulation in the cell in high concentration, the nonassimilation of pyrimidines and purine and pyrimidine nucleosides restricts the number of useful compounds. Many compounds listed as negative in this survey are known to enter the cells, but the process is either too slow or the catabolism too fast to permit accumulation in the cells.
Because of the variation in uptake, distribution, and breakdown of the compounds that are convenient optical tracers, it is difficult to make generalizations about the vacuole on the basis of the present experiments. From the observation that several purines are so concentrated in the vacuole that crystallization results, it may be assumed that the vacuolar membrane possesses an active transport system. There is also a selective retention. Uric acid is an example of a compound that is readily introduced into, and removed from, the vacuole. Isoguanine, however, like S-adenosylmethionine, persists in the vacuole regardless of the metabolic conditions to which the cell is exposed; a lack of cellular enzymes for catabolism may be the cause. S-adenosylmethionine readily finds its way into the vacuole of the bud, while the crystals of isoguanine and of uric acid remain in the vacuole of the mother cell; this may be explained by the limited solubility of these compounds. Some properties of the vacuolar membrane and the cell membrane of C. utilis differ markedly. S-adenosylmethionine penetrates the cell membrane slowly when supplied from the medium , but it gets into the vacuole readily when produced by endogenous synthesis. Conversely, adenosine enters the cells (Duerre and Schlenk, 1962) but is not concentrated in the vacuole. Osmotic phenomena do not necessarily govern the uptake of material, as shown by the limited interference of uric acid and S-adenosylmethionine in the vacuole.
The present data bear out some of the earlier conjectures of various authors (Bautz, 1960 ) that the vacuole can be a storage place for some nutrient as well as a respository for inert or surplus 408
